Denture adhesives are designed to be moisture-sensitive through the inclusion of a blend of polymer salts with varying degrees of water-sensitivity. This enables the adhesive to mix with saliva in vivo and activate its high tack, through the formation of a mucilaginous layer. We report for the first time, the use of differential scanning calorimetry (DSC) to study a series of hydrophobic and hydrophilic polymeric systems in order to correlate water-structuring behavior with adhesion strength. Adhesive bonding of the more hydrophobic variants was higher than that of a commercial-based control and a more hydrophilic polymer system in both lap shear and tensile configurations.
INTRODUCTION
The popularity and use of denture adhesives has increased over the years and such commercial products play an important role in prosthetic dentistry [1, 2] as they improve the fit, comfort, chewing ability and performance of dentures [3] [4] [5] [6] . Denture adhesives are required to form temporary adhesive bonds between the denture, typically fabricated from poly(methyl methacrylate) (PMMA), [7] and the denture-bearing oral mucosa [2, 8] . An adhesive failure from the tissue interface is the preferred failure outcome [9] [10] [11] when the patient removes the denture at the end of the day, in order to avoid the unpleasant feeling of residue left on the oral tissue [1, 2, [12] [13] [14] . The failure mode is dictated by the balance between adhesive and cohesive strength. When the locus of failure occurs at an interface, this is referred to as adhesive failure. Conversely, a cohesive failure occurs in the bulk of the adhesive [15] .
Denture adhesives exist in a number of forms; powders, pastes, strips, cushions or pads [3, 16] . This study focuses on the most commonly used "paste form" [16] . Most formulation strategies have evolved to take advantage of the humid environment within the oral cavity by mixing with saliva, which hydrates the adhesive, and produces a mucilaginous layer with high tack and adherent properties [17] . Current commercial formulations are typically based on a combination of synthetic and naturally-based salts of polymers, such as poly(methylvinylether-maleic acid) (PMVE-MA) and sodium carboxymethylcellulose (NaCMC) [16, 18, 19] . These components contain socalled "active" hydrophilic groups that enable the adhesives to swell in the presence of saliva, yet the structural role particularly that played by the alternating PMVE-MA copolymer, is not yet well understood. Petrolatum and mineral oil are also added to the adhesive pastes, as hydrocarbon carriers to disperse the active components and function as thinning and binding agents [20, 21] .
In this work, a control formulation based on commercial non-zinc-containing denture adhesive compositions [22] [23] [24] was used as a benchmark.
Additionally, batches whereby the methylvinylether group (OCH 3 ) of the PMVE-MA constituent was substituted by either more hydrophilic or hydrophobic groups were also included, as illustrated in Figure 1 .
Differential Scanning Calorimetry (DSC) is a technique that allows the amount of so-called 'freezing water' to be calculated. Freezing water is water that does not interact with the polymer and maintains the tetrahedral ice-like structure of water, showing similar thermal phase transitions to bulk water (i.e. melts at 0 °C) [25, 26] . Water that is bound to the polymer does not freeze and therefore the amount of unbound (freezing) water can be calculated from the DSC thermogram (see the Materials & Methods section for further details).
The objectives of this study were to correlate the levels of freezing water, which has not yet been considered, to the adhesive performance of hydrated denture adhesives as a function of hydrophobicity levels (illustrated in Figure   2 ).
MATERIALS & METHODS

Materials
Poly(methylvinylether-maleic acid) (PMVE-MA), (Gantrez MS-955) and sodium carboxymethylcellulose (NaCMC) were purchased from Ashland, USA. Petrolatum and mineral oil were purchased from Sonneborn, USA. Free radical polymerization of poly(butylvinylether-maleic anhydride),
PBVE-MAn
The following method describes the polymerization of PBVE-MAn at 1:1 monomer feed molar ratio. 40 mL of toluene, 10 mL of ethyl acetate, BPO initiator (40 mg) and MAn (2 g) were added to a 250 mL three-neck round bottom flask equipped with a reflux condenser, thermometer, nitrogen gas inlet system and a magnetic stirrer bar. The flask was sealed with a rubber septum and the mixture was purged with nitrogen at 70 °C via a syringe and needle. After 15 minutes, liquid BVE monomer (2.6 mL) was added to the reaction mixture (via a syringe and needle) and left to copolymerize for 6 hours. The polymerization product was isolated by vacuum filtration and washed three times with methanol. The final polymer product was then filtered and dried under vacuum at room temperature. The characterization methods used for the polymer synthesized are provided in the Supporting Material.
Hydrolysis of PBVE-MAn and PS-MAn to poly(butylvinylether-maleic acid), PBVE-MA and poly(styrene-maleic acid), PS-MA
The maleic anhydride component of the polymer products was hydrolyzed in DI water (from the Purite Select system) at 80 °C, with the progressive addition of 1 M NaOH until pH 11 was reached. Subsequently, the resulting solutions were freeze-dried, using a VirTis BenchTop freeze dryer to give powders as the final products.
Adhesive formulations
The control formulation was made according to published patents [27, 28] and compositions of non-zinc-containing commercial formulations [22] [23] [24] . Firstly, 29 g of petrolatum was mixed with 17 g of mineral oil using a speed mixer, Synergy device DAC 400.1 fvz for 2 minutes (2700 rpm). 30 g of PMVE-MA calcium/sodium partial salts and 24 g of NaCMC were then added and mixed again for 2 minutes (2700 rpm). The formulation was then coarsely mixed with a spatula in order to allow any excess powder to be dispersed within the mixture before mixing again for 4 minutes (2700 rpm). For the variant formulations, batches were made by replacing either 25 % or 50 % of the PMVE-MA calcium/sodium partial salts with either PAA-MA, PBVE-MA or PS-MA as shown in Figure 1 .
Adhesion studies -lap shear strength
Lap shear adhesion strength of the formulations were assessed according to our previous methods [29] . The samples were mixed with DI water at a ratio of 1:1 (wt %) and placed between two clean substrates (either PMMA or PET).
The overlap area in each test was 2. The percentage of freezing water was then obtained by: 
DISCUSSION
Denture adhesives rely heavily on the physico-chemical interactions after mixing with saliva for optimum performance. A systematic approach of increasing the hydrophobicity of the maleic acid copolymer substituent was employed in this study. The overriding aim was to probe these hydrophobic effects on the distribution of the types of water once the polymeric systems were hydrated and how this phenomenon influenced adhesion.
The lap shear adhesion strength of the variant systems was assessed against either PET or PMMA substrates. PET has a similar surface energy to that of PMMA, yet the surfaces of PET show less variation (batch to batch) and are typically smoother than PMMA (as indicated by the values in Table S2 for variants gave a significant difference in freezing water levels on increasing loading content in the DSC studies.
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The results in Figure 4 (a) show that the hydrophobic variants reduced the amount of freezable water in the hydrated polymeric system compared to the control; conversely the PAA-MA system gave increased freezing water levels.
Higher levels of freezing water in the adhesive system led to the formation of weak boundary layers, which resulted in less interaction between the substrate and the adhesive (adhesive failures).
The presence of the hydrophobic groups, in the context of this work, function as structure-makers and force water to change (locally at the interface) from its "flickering cluster" form [ Figure 6 (a)] to a more ordered state around the hydrophobic regions as illustrated in Figure 6 (b).
The hydrophobic adhesive formulations also outperformed the more hydrophilic formulation in the tensile arrangement [ Figure 5 In conclusion, this study has demonstrated the potential to optimize the adhesion strength of conventional denture adhesives by relatively simple structural modifications to the PMVE-MA component. This was achieved by the inclusion of groups with more hydrophobic character, which consequently forced the water molecules to become more ordered around the hydrophobic domains once they were hydrated. 
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